Purinergic P2X receptors are a family of ligand-gated ion channels gated by extracellular adenosine 5 0 -triphosphate (ATP). Of the seven P2X subtypes, P2X4 receptors (P2X4Rs) are richly expressed in the brain, yet their role in behavioral organization remains poorly understood. In this study, we examined the behavioral responses of P2X4R heterozygous (HZ) and knockout (KO) mice in a variety of testing paradigms designed to assess complementary aspects of sensory functions, emotional reactivity, and cognitive organization. P2X4R deficiency did not induce significant alterations of locomotor activity and anxiety-related indices in the novel open field and elevated plus-maze tests. Conversely, P2X4R KO mice displayed marked deficits in acoustic startle reflex amplitude, as well as significant sensorimotor gating impairments, as assessed by the prepulse inhibition of the startle. In addition, P2X4R KO mice displayed enhanced tactile sensitivity, as signified by a lower latency in the sticky-tape removal test. Moreover, both P2X4R HZ and KO mice showed significant reductions in social interaction and maternal separation-induced ultrasonic vocalizations in pups. Notably, brain regions of P2X4R KO mice exhibited significant brain-regional alterations in the subunit composition of glutamate ionotropic receptors. These results collectively document that P2X4-deficient mice exhibit a spectrum of phenotypic abnormalities partially akin to those observed in other murine models of autism-spectrum disorder. In conclusion, our findings highlight a putative role of P2X4Rs in the regulation of perceptual and sociocommunicative functions and point to these receptors as putative targets for disturbances associated with neurodevelopmental disorders.
INTRODUCTION
Purinergic ionotropic P2X receptors are hetero-and homotrimeric cation-permeable channels activated by extracellular adenosine 5 0 -triphosphate (ATP) (Khakh and North, 2006; North, 2002) . Of the seven P2X subunits characterized to date (named P2 Â 1 through P2 Â 7), P2X4 receptors (P2X4Rs) are the most abundant in the central nervous system (Buell et al, 1996; Soto et al, 1996) , and are expressed in neurons across multiple regions of the brain and spinal cord, as well as in microglia (Burnstock and Knight, 2004; Ulmann et al, 2008) . Recent studies have pointed to the implication of P2X4 in the regulation of multiple nervous functions, including neuropathic pain (Tsuda et al, 2003; Ulmann et al, 2008) , neuroendocrine functions (Zemkova et al, 2010) , and hippocampal plasticity (Baxter et al, 2011; Lorca et al, 2011; Sim et al, 2006) . In addition, P2X4 receptors have been recently shown to modulate the function of other major ionotropic targets, such as N-methyl-D-aspartate (NMDA) glutamate receptors (Baxter et al, 2011) . These ion channels have been implicated in the organization of emotional and cognitive responses (Newcomer and Krystal, 2001) , as well as in the pathophysiology of neurodevelopmental conditions, such as autism-spectrum disorder (ASD) (Carlson, 2012) . Thus, it is likely that P2X4 receptors (P2X4Rs) may be implicated in the modulation of behavioral responses and in neurodevelopmental processes.
To begin to test this possibility, our group recently investigated the behavioral effects of P2X4R activation in mice. In particular, we found that ivermectin, a potent positive allosteric modulator of P2X4Rs, induced anxiolyticlike effects, reduced sensorimotor gating, and reduced alcohol intake in mice (Bortolato et al, 2012b) . Nevertheless, the lack of P2X4R selectivity of this drug and the lack of potent P2X4R antagonists in vivo limit greatly our knowledge on the behavioral functions of these targets. Whereas the role of P2X4Rs in the regulation of nociception and inflammation has been examined in prior studies, the involvement of these targets in information processing, emotional reactivity, and cognitive organization remains elusive.
Here we show, for the first time, that P2X4R knockout (KO) mice exhibit a number of phenotypic alterations highly reminiscent of neurodevelopmental problems, including sociocommunicative deficits and impairments in acoustic startle response.
MATERIALS AND METHODS

Animals
We used 3-to 5-month-old experimentally naive male P2X4R KO, heterozygous (HZ), and wild-type (WT) mice from breeding colonies at the University of Southern California (USC) in all behavioral studies. Generation of this line was described elsewhere (Sim et al, 2006) . In brief, breeding colonies were produced by re-derivation of frozen HZ embryos obtained from an original, previously established, P2X4R KO mouse colony designed on a C57BL/6 background (Sim et al, 2006) . This procedure was performed by the USC Transgenic Core and resulted in seven HZ mice, which were backcrossed to C57BL/6J mice to produce the first generation of offspring at USC. HZ offspring are backcrossed every three generations to WT C57BL/6J mice (Jackson Laboratory; Bar Harbor, ME) and maintained on a C57BL/6 background. Mice from our fifth generation were used for this study. WT mice were generated from HZ Â HZ crosses. Before initiation of experiments, mice were housed in groups of 4-5 per cage in a facility maintained at 22 1C with a 12 h:12 h light/dark cycle (lights on at 06:00 hours) and ad libitum access to food and water. The order of animals in each test was counter-balanced throughout the study for mice exposed to more than one testing paradigm. In these cases, behavioral analyses were always performed from least to most stressful (eg, open field to social interaction) with a minimum interval of 1 week between subsequent paradigms to minimize carry-over stress and potential confounds of repeated testing. All handling and experimental procedures were performed in compliance with the National Institute of Health guidelines and approved by the Institutional Animal Care and Use Committee of USC.
Genotyping
Animal genotyping was performed by PCR. Samples of genomic DNA were extracted from tail biopsies acquired from mice at weaning (postnatal day 21). Primers were used to identify LacZ (5 0 -GCGAACGCGAATGGTGCAGC-3 0 ) and P2X4R (5 0 -TCGCTCTCTGGGTCTGGGGC-3 0 ). Reaction conditions were 5 min at 95 1C, followed by 32 cycles of 15 s at 95 1C, 15 s at 60 1C, and 15 s at 72 1C.
Novel Open Field
Locomotor behaviors in a novel open field were tested using a modified version of the protocol adopted in Bortolato et al (2011) . The apparatus consisted of a square, gray arena (40 Â 40 cm 2 ) surrounded by four 40-cm high black Plexiglas walls. The floor was divided into two zones of equivalent areas: a central square compartment and a concentric peripheral frame. Mice (7-11 per genotype) were placed in the center and their behavior was monitored for 10 min. The light level was maintained at 12 lux in the center of the open field arena. Spontaneous locomotor activity was assessed with the Ethovision software (Noldus Instruments, Wageningen, The Netherlands). Behavioral measures included: total distance traveled, time spent in the center, and percent locomotor activity in the center (calculated as the distance traveled in the center divided by the total distance traveled).
Elevated Plus Maze
Elevated plus-maze behavior was tested as described elsewhere (Bortolato et al, 2009b) . 
Light-Dark Box
Testing was performed as described previously (Bourin and Hascoet, 2003) . ) and an adjacent brightly lit compartment (20 Â 20 Â 20 cm 3 ; illumination: 100 lux). The two compartments were separated by a Plexiglas divider, providing a 7 Â 4 cm 2 opening. Briefly, mice (8-10 per genotype) were individually placed in the corner of the dark area, and allowed to freely explore either compartment for 10 min. Behavior was video-recorded, and the latency to exit the dark compartment as well as the number and total duration of light compartment entries were scored.
Maternal Separation-Induced Ultrasonic Vocalization
Vocalizations were recorded as described previously (Bortolato et al, 2012a) . Because of the stressful nature of the test, measurements were conducted in a separate cohort of animals that did not undergo additional behavioral testing. Assessment was conducted on pups (8-10 per genotype) at age P6-P7. This age was selected based on previous studies conducted in our laboratories, which highlighted that this developmental stage is optimal to capture differences in maternal separation-induced ultrasonic vocalizations. Pups were individually placed on the test platform in a sound-proof cabinet and the total number of vocalizations was recorded for 5 min. The test platform was placed on top of a heating pad to maintain a consistent temperature of 35 1C and eliminate any potentially aversive thermal effects.
Sticky Tape Removal Test
Sensorimotor integration was tested using the sticky tape test similar to as described elsewhere (Bortolato et al, 2012b; Bouet et al, 2009) . Each mouse (7-10 per genotype) was briefly restrained and a circular piece of tape was placed on each forepaw. The latency to remove the second piece of tape was recorded.
Acoustic Startle Reflex and Prepulse Inhibition of the Startle
Acoustic startle reflex and prepulse inhibition (PPI) were tested as described previously (Kerstetter et al, 2012) . We used startle reflex detection (San Diego Instruments, San Diego, CA) consisting of one standard cage placed in sound-attenuated chambers with fan ventilation. Each cage consisted of a Plexiglas cylinder of 3 cm diameter, mounted on a piezoelectric accelerometric platform connected to an analog-digital converter. Background noise and acoustic bursts were conveyed by two separate speakers, each one properly placed so as to produce a variation of sound within 1 db across the startle cage. Both speakers and startle cages were connected to a main PC, which detected and analyzed all chamber variables with specific software. Before each testing session, acoustic stimuli were calibrated via specific devices (San Diego Instrument). Mice (8-10 per genotype) were placed in a cage for a 5-min acclimatization period with a 70 db white noise background, which continued for the remainder of the session. Each session consisted of three consecutive sequences of trials (periods). Unlike the first and the third period-during which mice were presented with only five pulse-alone trials of 115 db-the second period consisted of a pseudorandom sequence of 40 trials, including 12 pulse-alone trials and 30 trials of pulse preceded by 73, 76, and 82 db prepulses (respectively, defined as PP3, PP6, and PP12; 10 for each level of prepulse loudness). Percent PPI was calculated as 100 À (mean startle amplitude for prepulse trials/mean startle amplitude for pulse-alone trials) Â 100. Delta PPI was calculated as mean startle amplitude for pulse-alone trials À (mean startle amplitude for prepulse trials).
Social Interaction
Testing was performed with the protocol used by Bortolato et al, (2011) . Test mice (8-10 per genotype) were paired with stranger age-and weight-matched male WT conspecifics. The test animal and novel conspecific were placed in a new cage for 10 min. The frequency and duration of social exploration towards the frontal, abdominal, and anogenital regions were measured.
Novel Object Interaction and Recognition
Similar to prior studies (Bortolato et al, 2009a) , mice (8 per genotype) were individually exposed to two identical novel objects, affixed to the floor and symmetrically placed 6 cm from the two nearest walls of a cubed Plexiglas box (20 Â 20 Â 20 cm 3 ) lit to 120 lux. Mice were placed in a corner facing the center, equidistant from each object, with the starting position rotated and counter-balanced for genotype. The behavior of each mouse was recorded for 15 min to attenuate any potential confounds related to neophobia. Sniffing behavior was scored as the number of approaches and duration of exploration with the novel object. After 1.5 and 24 h, mice were placed in the same cage for an additional 15 min to assess short-and long-term memory (STM and LTM, respectively). The time intervals for STM and LTM testing were selected based on previous experiments in our laboratory, which highlighted them as optimal to capture potential mnemonic deficits, in relation to a 15-min exposure.
At this time, one of the objects was replaced by a novel object, different in color, size, and texture from the novel object in the previous session. For both STM and LTM, novel object recognition index was calculated as the number of novel object contacts/(number of novel object contacts þ number of familiar object contacts). These test sessions were also video-recorded and the behavior scored as the novel object frequency and duration.
Olfactory Discrimination
Mice (8-10 per genotype) underwent five training trials of 5-min exposure to two identical objects of the same scent. The objects were cylinders wrapped in tape and evenly scented with diluted almond or lemon oil. On the subsequent (sixth) test trial, one of the cylinders was replaced with another sprayed with a novel scent (ie, almond during training with lemon as the novel scent). The test scent was counter-balanced between the groups. The test was performed in low light (50 lux) and the behavior was video-recorded and olfactory discrimination was measured as the novel scent index for frequency (sniffing frequency novel scent/sniffing frequency for old scent þ novel scent) and the novel scent index for duration (sniffing duration novel scent/sniffing duration for old scent þ novel scent).
Western Immunoblotting
Mice were euthanized by CO 2 asphyxiation, followed by cervical dislocation. The prefrontal cortex, hippocampus, and cerebellum were dissected within 2 min of euthanasia and frozen on dry ice. The tissues were stored in À 80 1C until use. Brain tissue was homogenized using 200 ml of a homogenization buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1/100 dilution protein inhibitor cocktail) and sonicated. Protein concentrations were determined by Pierce BCA protein assay kit (Thermo Scientific, Rockford, IL). Protein samples of 50 mg per lane were made to run on 12% Tris-glycine gels (Lonza, Rockland, ME) for 1 h at room temperature. The samples (3-8 mice per genotype) were then transferred to nitrocellulose membrane for 2 h at 4 1C (Licor Biosciences, Lincoln, NE). Membranes were incubated with Odyssey blocking buffer for 1 h at 4 1C (Licor Biosciences) to prevent nonspecific antibody binding, followed by incubation with mouse monoclonal antibodies. The following antibodies were used: for NMDA receptor subunits, anti-GluN1, GluN2A, and GluN2B (1 : 1000; NIH Neuromab Facility, UC Davis, CA), for a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor, anti-GluA1 and GluA2 (1 : 1000; NIH Neuromab Facility), and a-tubulin (1 : 10 000; Millipore, Temecula, CA) primary antibodies for 2 h at room temperature. The membranes were then incubated with secondary antibodies conjugated with IR dye 800CW for 1 h at room temperature. Bands were visualized using the Odyssey Infrared Imaging system (Licor Biosciences). Blots were imaged using 700 and 800 nm channels in a single scan at a resolution of 169 mm and quantified by software provided with imaging system (Licor Biosciences).
Statistical Analyses
Parametric and non-parametric statistical analyses on behavioral parameters were performed by a one-way ANOVA or Kruskal-Wallis test, followed by NeumanKeuls or Nemenyi's test for post hoc comparisons, respectively. Expression levels of the NMDA and AMPA receptor subunits were analyzed by unpaired, two-tailed Student's t-test. Normality and homoskedasticity of data were verified by the Kolmogorov-Smirnov and Bartlett's test. Significance was set at P ¼ 0.05.
RESULTS
Novel Open Field
In the open field assay, we found no significant differences in total distance (Figure 1a 
Elevated Plus Maze
We ascertained whether P2X4R mutant mice exhibit anxiety-like responses in the elevated plus maze. No significant differences were detected between genotypes in the total entries (Figure 2g 
Light-Dark Box
The absence of anxiety-related behaviors was also tested using a light-dark box paradigm. In contrast to WT and P2X4R KO mice, HZ mice appeared to show some changes in the latency to enter the light compartment (Figure 2j ) (H(2, 27) ¼ 9.69; Po0.01). The differences were not significant as determined using a post hoc analysis. For HZ mice, but not KO, we also observed a significant increase in the number of light compartment entries (Figure 2h) (F(2, 24) ¼ 4.29; Po0.05). Finally, there was no significant difference between WT, HZ, or P2X4R KO mice in the light compartment duration (Figure 2i ) (F(2, 24) ¼ 3.08; NS).
Maternal Separation-Induced Ultrasonic Vocalizations
We investigated the frequency of maternal separationinduced vocalizations in pups to determine whether the P2X4 receptor was involved in mediating communicative behaviors. We found a significant reduction in vocalization frequency ( Figure 3a) 
Sticky Tape Removal Test
To examine sensorimotor integration, we tested the behavioral responses of P2X4R mutants in the sticky tape task. We found that P2X4R KO mice displayed a significant reduction in the latency to remove the tape (Figure 3b ) (F(2, 21) ¼ 7.37; Po0.01). Post hoc analysis revealed a significant difference in latency for sticky tape removal between HZ (Po0.01) and KO mice (Po0.01) compared with WT animals.
Acoustic Startle Reflex and PPI of the Startle
We examined acoustic sensitivity and informational processing in P2X4R mutants using the PPI of the acoustic startle paradigm. P2X4R KO animals displayed a significant reduction in startle amplitude (Figure 3c ) (F(2, 24) ¼ 11.24; Po0.001). Post hoc comparisons showed that P2X4R KO mice exhibited a significant reduction in the startle reflect compared with both WT (Po0.001) and HZ (Po0.01) littermates. We found a significant effect of 
Social Interaction
We assessed social responses in P2X4 mutants using the social interaction paradigm. We found a significant reduction in social exploration in both frequency (Figure 4a ) (F(2, 23) ¼ 9.13; Po0.01) and duration ( Figure 4e ) (F(2, 23) ¼ 8.32; Po0.01). In particular, the number of social approaches was significantly reduced in both P2X4 lines (Po0.01). Similarly, the overall duration of social exploration was markedly decreased in HZ (Po0.01) and KO (Po0.05) mice compared with their WT counterparts.
To provide a more detailed analysis of the different types of social exploratory patterns, we defined and measured investigative behaviors targeting the frontal, abdominal, and anogenital regions. Oftentimes frontal and anogenital bouts seemed to occur much more passively in the KOs and, in fact, a strong trend toward significance in reduced frontal sniffing bouts (F(2, 23) ¼ 3.15; P ¼ 0.062) and duration (F(2, 23) ¼ 2.84; Po0.08) was observed in KO mice. Taking a closer look at this, we found a significant effect of genotype on total number of abdominal sniffing bouts (F(2, 23) ¼ 6.65; Po0.01) and duration (F(2, 23) ¼ 12.96; Po0.001). Post hoc analysis revealed that compared with WT mice, P2X4R HZ and KO mice had significantly fewer sniffing bouts in the abdominal area (Po0.01 and Po0.05, respectively) and reduced abdominal sniffing duration compared with controls (Po0.01 and Po0.001, respectively). No significant differences were observed for anogenital bouts, although we did observe a trend toward significance for the effect of genotype on anogenital sniffing duration between the three groups (F(2, 23) ¼ 3.14; P ¼ 0.063).
Novel Object Interaction and Recognition
We examined novel object interaction as well as shortand long-term recognition to assess working memory. The number of novel object exploratory approaches was similar between WT, HZ, and P2X4R KO mice (Supplementary Figure S1a) (F(2, 24) ¼ 1.60; NS). There were also no significant differences between the genotypes for the number of contacts with the novel object measured at 1.5 h (STM) (H(2, 21) ¼ 1.47; NS) and 24 h (LTM) (F(2, 24) ¼ 0.70; NS) after the initial object interaction test (Supplementary Figures S1b and c) .
Olfactory Discrimination
We assessed changes in olfactory discrimination to investigate olfactory deficits that may affect social behavior or impair pups from being able to perceive the proximity of the dam during maternal separation experiment. We found no differences between WT, HZ, and KO mice in the amount of time spent sniffing the novel scent measured by novelty scent index for frequency (F(2, 26) ¼ 1.61; P ¼ NS) and duration (F(2, 26) ¼ 1.11; P ¼ NS) ( Supplementary  Figures S2a and b) .
Western Immunoblotting
Because findings from this study mirror some of the impairments commonly seen in mouse models of ASD, we next assessed the expression of NMDA and AMPA glutamate receptor subunits in brain regions isolated from WT and P2X4R KO mice. As shown in Figure 5 , we identified significant alterations between WT and KO mice in glutamate receptor expression in the prefrontal cortex and hippocampus. Specifically, there was a significant decrease in expression of both the GluN2A subunit (46.77%; Po0.05) and GluN2B subunit (38.35%; Po0.05), whereas GluN1 subunit expression did not differ in the prefrontal cortex of P2X4R KO compared with WT mice (P40.05; NS). In contrast to the prefrontal cortex, GluN1 subunit expression was significantly reduced in the hippocampus by 65.65% (Po0.01) and in the cerebellum by 64.90% (Po0.05) of KO mice. Hippocampal GluN2A and GluN2B subunit expression was similar in WT and KO mice. We also found that there was no significant difference between WT and KO mice in GluN2B expression in the cerebellum (P40.05; NS).
Conversely, we found that GluA1 subunit expression was significantly increased in the hippocampus (66.51%; Po0.05) of P2X4R KO mice compared with WT controls. However, we did not observe any significant difference in expression of GluA1 in the prefrontal cortex of P2X4R KO mice compared with WT (P40.05). KO mice also had significantly increased GluA2 subunit expression in the hippocampus (31.34%; Po0.01) and in the cerebellum (88.29%; Po0.05) compared with their WT counterparts. Similar to GluA1, we did not detect any differences between WT and P2X4R KO mice in GluA2 subunit expression in the prefrontal cortex (P40.05; NS).
DISCUSSION
The findings of this study showed that genetic ablation of P2X4Rs results in a spectrum of abnormal behavioral phenotypes, including deficits in social interaction and maternal separation-induced ultrasonic vocalizations. Furthermore, P2X4R KO mice displayed significant alterations in startle reactivity and sensorimotor gating, as indicated by the PPI impairments. These results were accompanied (and may have been partially contributed) by auditory and tactile, but not by olfactory impairments. Notably, these changes were not paralleled by overt alterations in locomotor activity-and anxiety-like responses Figure 5 P2 Â 4R knockout (KO) mice exhibit significant alterations in N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA). glutamate receptor subunit expression. NMDA receptor subunit expression was significantly reduced, while AMPA subunit expression was significantly increased in P2 Â 4R KO mice compared with wild-type (WT) controls in the (a-e) prefrontal cortex and (f-j) hippocampus. Data are shown as mean ± SEM for 3-8 mice per genotype. *Po0.05 and **Po0.01. across several testing paradigms based on approachavoidance conflicts, such as the novel open field, elevated plus-maze, light-dark box, and novel object exploration. Finally, P2X4R deficiency did not appear to disrupt cognitive function based on the object-recognition memory test.
These findings collectively point to the implication of P2X4 receptors in the modulation of sociocommunicative and sensorimotor functions, and extend previous evidence on the phenotypes of P2X4R KO mice (Sim et al, 2006; Tsuda et al, 2003; Ulmann et al, 2008) . In the absence of overt alterations in anxiety-related responses and motoric abnormalities, the reduced startle amplitude and increased tape-removal latency in P2X4R KO mice may suggest that the deficiency of these receptors may lead to auditory deficits and tactile enhancement. It is worth noting that our observation of enhanced tactile sensitivity by P2X4R HZ and KO mice is in line with reports of increases (and not only deficits) in tactile sensitivity within the autism spectrum (Kern et al, 2006) .
The possibility of acoustic impairments in P2X4R KO mice is in agreement with recent data indicating the relevance of this receptor in the modulation of the blood flow of spiral ligament capillaries in the cochlear lateral wall . In view of the importance of ATPmediated currents to attune the endocochlear potential, it is likely that the deficiency of P2X4Rs may result in marked auditory impairments. Alternatively, tactile and acoustic alterations in P2X4R KO mice may reflect a broad role of these receptors in sensory transmission. P2X4R KO mice display reduced pain sensitivity (Tsuda et al, 2003) . Furthermore, P2X4Rs are abundant in key regions for the regulation of sensory functions, such as the spinal cord, as well as the perikarya and dendrites of thalamic and cortical neurons (Le et al, 1998) .
We also documented that P2X4R KO mice exhibit a significant reduction in PPI, a highly reliable operational index of sensorimotor gating. PPI measures the reduction of the startle reflex that occurs when the eliciting acoustic burst is immediately preceded by a weak, non-startling prestimulus (Ison and Hoffman, 1983) . Because the computation of this parameter is inherently dependent on the amplitude of the startle reflex, the interpretation of variations in %PPI in P2X4R KO mice is complicated by potential 'floor effects' consequent to the decrement in their baseline startle amplitude (Swerdlow and Geyer, 1993) . However, the possibility that the %PPI changes may be artifactual was challenged by our finding of significant reductions in DPPI (Bortolato et al, 2004; Devoto et al, 2011) . Thus, the reduction in PPI is likely to signify a deficit in the ability of P2X4R-deficient animals to extract and filter relevant information from the external milieu, possibly pointing to a role for this receptor in the regulation of information processing. In keeping with this concept, it is worth noting that P2X4Rs have been recently shown to modulate synaptic strength in hippocampal neurons (Baxter et al, 2011; Sim et al, 2006) , which have a central role in preserving the integrity of PPI and sensorimotor gating (Swerdlow et al, 2004; Zhang et al 2006) . Furthermore, the significant enhancement in tactile sensitivity in the sticky tape removal test may suggest a poor ability of P2X4R KO mice to filter out sensory stimuli.
We recently showed that the anthelminthic IVM induced a dose-dependent PPI deficit in C57BL/6 mice through activation of P2X4 receptors (Bortolato et al, 2012b) . In addition, IVM reduced anxiety-like behavior and had no affect on tactile sensitivity, findings that were not reproduced in our studies with P2X4R KO mice. These differences may represent IVM-mediated behavior effects that are the result of interaction of IVM with other receptor systems and future studies should fully investigate the influence of IVM on affective behavior. As this drug acts as a positive allosteric modulator of P2X4Rs, the PPI reduction observed in P2X4R KO mice may result from neurodevelopmental changes. This possibility is supported by several observations: first, we found that acute injection with IVM did not affect PPI in P2X4R KO mice (Bortolato et al, 2012b) ; second, P2X4Rs have been shown to be expressed from postnatal day 1 onward in rodents (Cheung et al, 2007) ; third, some of the other behavioral alterations of P2X4R KO mice documented in this study, including early communication impairments and social deficits, are also often associated with neurodevelopmental disorders such as ASD. Accordingly, it is worth noting that PPI deficits are common, albeit not pathognomonic, features of ASD (Perry et al, 2007) .
Although P2X4R KO mice failed to exhibit significant behavioral alterations across most anxiety-related paradigms, we cannot rule out that the observed deficits in social interaction and maternal separation-induced ultrasonic vocalizations may reflect aspects of social anxiety. However, while a reduced interaction with conspecifics is normally interpreted as an index of greater social anxiety (Bailey and Crawley, 2009) , decreased levels of ultrasonic emissions in pups are typically reflective of lower separation anxiety. The complexity of this scenario warrants future studies to parse the potential contribution of P2X4Rs to different facets of sociability.
Several limitations of this study should be acknowledged, including the lack of behavioral analyses on P2X4R KO females, as well as pharmacological characterization of the neurochemical bases of the observed behavioral abnormalities. Several neurochemical mechanisms may account for the function of P2X4Rs in brain and behavioral functions, as well as its potential implication in neurodevelopmental and autism-related alterations. P2X4Rs have substantial calcium permeability (Egan and Khakh, 2004; North, 2002; Soto et al, 1996) ; thus, the lack of P2X4Rs is likely to result to alterations of calcium homeostasis, which may in turn lead to alterations in synaptic transmission and higher vulnerability to abnormalities of neural plasticity (Kostyuk, 2007) . P2X4Rs have been shown to exert complex modulatory effects on the function and/or composition of other receptors, including NMDA (Baxter et al, 2011) and AMPA (Andries et al, 2007) receptors. In addition, activation of P2X4Rs stimulates the release of brain-derived neurotrophic factor (BDNF) (Trang et al, 2009) , and dysregulation of this neurotrophin have been widely implicated in ASD (Hashimoto et al, 2006; Miyazaki et al, 2004) . Interestingly, in some measures we observed a biphasic affect of hetero-and homozygosity on behavior, which may reflect the modulatory role of P2X4Rs on biologically antagonistic neurotransmitter systems like glutamate and GABA.
In support of this notion, we observed significant alterations in the expression of subunits that comprise NMDA and AMPA glutamate receptors in P2X4R KO mice. Reductions of GluN1 subunits in the hippocampus suggest an overall reduction of NMDA receptor expression in these mice that is not uniform across brain regions. In line with reports published using mouse models of ASD with altered NMDA receptor function, P2X4R KOs show deficits in social behavior, communication, and PPI (Duncan et al, 2004; Gandal et al, 2012; Won et al, 2012) . Although reports of the involvement of AMPA receptors in ASD are less understood, changes in AMPA receptor subunit expression have also been linked to neurodevelopmental deficits. Similar to our findings with P2X4R KO mice, increased AMPA subunit expression has been documented in a recent study of post-mortem analysis of brain tissue from autistic individuals (Purcell et al, 2001) . The molecular findings, coupled with behavioral endophenotypes of ASD in P2X4R-deficient mice, implicate a role for P2X4Rs in neurodevelopment.
The translational validity of these results remains unknown. To the best of our knowledge, the only currently available evidence on P2X4 deficiency in humans comes from studies on a single-nucleotide polymorphic variant of the p2rx4 gene (Tyr3154Cys mutation; rs 28360472), which has been found to lead to the disruption of ATP binding to the receptor, and ultimately to loss of function of P2X4Rs (Stokes et al, 2011) . The only phenotypic alteration that was assessed in carriers of this variant was an increase in pulse pressure (Stokes et al, 2011) . However, that study did not include any psychological/psychiatric assessment and was mainly limited to HZ carriers of the variant itself (Stokes et al, 2011) . Thus, further research will be necessary to verify the behavioral implications of partial and/or total congenital deficiency of P2X4 in humans and the existence of convergent cross-species endophenotypes.
Irrespective of these limitations, the present set of results underscore the implication of P2X4Rs in a broad array of behavioral functions, and highlight these ionotropic channels as putative therapeutic target for perceptual and sociocommunicative disturbances.
